In this paper, we tested the hypothesis that different binding affinities of the C-terminus of human cardiac alkali (essential) myosin light chain (A1) isoforms to the IQ1 motif of the myosin lever arm provide a molecular basis for distinct sarcomeric sorting and inotropic activity.
Introduction
Type II myosin, which consists of two heavy chains (MYH) and four light chains (MLCs), is the motor protein of muscle which interacts cyclically with the thin (actin) filament, thus producing force and shortening while consuming ATP. MYH (i.e. MYH7, rat cardiac b-MYH, accession NP_058936 in this study) can be separated into: (i) an N-terminal 'head' or subfragment 1 (S-1) (aa1-837) consisting of a pear-shaped 8 nm motor domain with ATPase and actin-binding sites, connected to an a-helical 8.5 nm lever arm; (ii) a 150 nm a-helical rod (aa838-1935), consisting of a 60 nm subfragment 2 (S-2), and a C-terminal the 90 nm light meromyosin (LMM) which forms a coiled-coil with a second MYH. 1, 2 Two types of myosin light chains (MLCs), essential (ELCs) and regulatory (RLCs), are associated with the lever arm of the MYH. The lever arm contains two IQ motifs in tandem. 3, 4 IQ1 binds ELCs, IQ2 binds RLCs. 1 -4 The full-length ELC is designated as alkali-1 MLC (A1), while alternatively spliced ELCs with deleted N-terminal 46aa are called alkali-2 MLC (A2). 5 -8 The primary structure of A1 isoforms are built of an actin-binding-lysine-rich N-terminus, 9 a proline-rich antenna-like spacer, and a C-terminal lever arm-binding region consisting of four helix-loop-helix EF-hand domains which form a dumbbell-like shape.
Binding of ELC to the lever arm is non-covalently, mainly through van der Waals contacts. 3, 4 ELC binding to IQ1 of the lever arm is critical for myosin function: analysis of the mechanics of single myosin molecules without ELC using ultracompliant glass needles showed only about one-third of the force generated by native myosin. 10 In the normal adult mammalian heart, two A1 isoforms are expressed in a tissue-specific manner, namely an atrial-specific (MYL4, hALC-1, accession NP_001002841) and a ventricular-specific (MYL3, hVLC-1, accession NP_000249) A1 isoform. Most patients with cardiac hypertropy and congenital heart diseases re-express hALC-1 in their ventricles, partially replacing the VLC-1 isoform. This VLC-1-to-ALC-1 isoform shift induced a pronounced positive inotrop effect. 11 Likewise, transgenic overexpression of murine ALC-1 in the mouse ventricle or hALC-1 in the rat ventricle replaced VLC-1 in the sarcomere and increased cardiac contractility and myosin motor properties. 12 -14 Replacement of endogenous VLC-1 by newly expressed ALC-1 could be elicited by two mechanisms, namely (i) a suppression of VLC-1 expression by ALC-1 and (ii) by different binding affinities of the A1 isoforms with the IQ1 motif of the myosin lever arm. The first possibility assumes, that the ALC-1 molecule executes a direct regulatory effect on the expression of the VLC-1 gene, which seems to be unlikely with the present state of knowledge. In this paper, we tested the hypothesis that different A1 isoforms could have distinct binding properties with the myosin lever arm. We, therefore, produced three recombinant fusion proteins, namely: a rat b-myosin head-rod fragment aa664-915 (rb-MYH 664 -915 IQ ala4 ), human ALC-1 (hALC-1), and human VLC-1 (hVLC-1). Proteinprotein interaction between A1 isoforms and MYH was analysed by surface plasmon resonance measurements.
To show that distinct affinities of A1 isoforms with MYH correlate with different sarcomeric sorting properties, we applied a double epitope-tagging competition method. In this experimental system, any combination of two isoforms tagged with two different epitopes is co-expressed from their cDNAs within the same cell. Visualization of exogenous proteins is achieved with antibodies specific to each tag. 15 In addition, we investigated if the intense binding of hALC-1 to MYH and its preferential sorting capacity could influence the contractile properties of intact cardiomyocytes, which ought to be independent from systolic Ca 2+ activation levels. We tested this hypothesis by simultaneously monitoring both the contractile and the Ca 2+ handling
properties of adult rat cardiomyocytes infected with an adenoviral (Ad) vector with hALC-1 as expression cassette.
In this paper, we show that hALC-1 binds significantly stronger (with a 3.3-fold lower K D ) to the myosin lever arm than does hVLC-1. This may provide the molecular basis for its preferential sarcomeric sorting specificity observed in neonatal cardiomyocytes if compared with hVLC-1. Furthermore, we found that Ad-driven overexpression of hALC-1 in primary adult rat cardiomyocytes significantly increased contraction amplitude while the systolic-free Ca 2+ levels and Ca 2+ cycling kinetics remained unchanged. This provides evidence that myosin molecules with intense-binding hALC-1 generate more force than myosin with VLC-1.
Methods

Recombinant proteins
Cloning and generation of recombinant fusion proteins of human ELC isoforms and a myosin head-rod fragment of aa 665 -915 with N-terminal hexahistidine (HIS)-tag/40 amino acid (aa) spacer and N-terminal glutathione S-transferase (GST)-tag/14aa spacer, respectively, were performed as described recently. 16 To eliminate unspecific binding to the IQ2 domain and to provide a stretched rather than a collapsed myosin head-rod structure, we deteriorated the IQ2 domain of rb-MYH 664 -915 by alanine-scanning site-directed mutagenesis (rb-MYH 664 -915 IQ ala4 ). 16 All constructs were checked by restriction site mapping and DNA sequencing.
2.2 Construction of epitope-tagged hALC-1 and hVLC-1 expression plasmids hALC-1 and hVLC-1 were cloned with a C-terminal HIS and myc tag, respectively, to differentiate both recombinant forms from each other in immunofluorescence after co-transfection of neonatal cardiomyocytes. To verify that the presence of the tags does not influence intracellular sorting properties of A1 isoforms, hALC-1 and hVLC-1 with myc and HIS tag, respectively, were cloned and co-transfected. To prepare eukaryotic plasmids expressing hALC-1 and hVLC-1, the corresponding cDNA clones (ImaGenes, Berlin, Germany) were used as template and amplified by PCR. To perform the PCR, two pairs of primers were synthesized: i.e. for hALC-1, sense primer:
′ , for hVLC1, sense primer:
′ . The HIS and myc tag (bold letters) and the restriction site HindIII (italic letters) were incorporated into primers to facilitate subcloning into the eucaryotic expression vector pcDNA3.1(+) (Invitrogen GmbH, Karlsruhe, Germany). In each sense primer, following HindIII site, a Kozak consensus sequence (GCCAC-CATG) 17 for generating a ribosome-binding site and an ATG start sites were added to initiate the expression in eukaryotic cells. PCR products were cut with HindIII and ligated with HindIII-cut pcDNA3.1(+). These plasmids were then transfected into Top10 cells and purified using the Invisorb Plasmid Maxi Kit (Invitek, Berlin, Germany). All constructs were confirmed by DNA sequencing T7 promotor and T7 terminator sequencing primers.
Analysis of protein -protein interactions by surface plasmon resonance
Binding studies of the recombinant fusion proteins were carried out in a BIAcore 2000 Instrument (Uppsala Sweden) at 258C using the sensor chip CM5 (BiAcore AB) as recently described. 16 For data analysis, rate constants were calculated by global fitting using the BIAevaluation 3.2 RC 1 program (Biacore AB). Curves were fitted to a single-site interaction model. Equilibrium K D values were determined from the rate constants k on and k off according to K D ¼ k off /k on . The analysis software corrects for systematic drift in baseline that occurred during measurements.
Circular dichroism spectroscopy
Circular dichroism (CD) spectra of ELC fusion proteins were recorded in 1 mm quartz cuvettes (Hellma, Müllheim, Germany) on a J-720 spectrometer (Jasco, Tokyo, Japan) at 258C using a scanning speed of 50 nm/min, a bandwidth of 1 nm, and a response time of 2 s. Proteins were dissolved at concentrations of 4 or 6 mM in 10 mM Tris, 120 mM NaF, pH 7.4. Presented spectra give the mean residual molar ellipticity (u) of one out of four independent experiments. Secondary structure compositions were estimated by deconvoluting CD spectra in the range of 205 -240 nm into reference spectra obtained from proteins of known structures.
Construction and propagation of adenovirus vectors
For all experiments, replication-deficient adenovirus vectors of the first generation were used which are based on a deletion of the E1 region of an adenovirus type 5 (Ad vector). The Ad vectors, AdCMV.hALC-1 and AdCMV.b-gal, were constructed by cloning a cDNA of the human essential atrial light chain 1 and Escherichia coli b-galactosidase (each without tag) into an adenovirus backbone of the AdEasyTM system as described recently. 18 All vectors were propagated on HEK 293 cells, purified, and stored at 2808C. The titers of stocks measured by plaque assays were 7.7 × 10 10 pfu/mL, with a particle/pfu ratio of 30/1. Recombinant adenoviruses were tested for the absence of wildtype virus by polymerase chain reaction of the early transcriptional unit E1 and E1a.
Adult rat cardiomyocytes
The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85 -23, revised 1996). Approval was granted by a local ethics review board (LAGeSo, Berlin, Germany). Male Wistar rats aged 3 months were anaesthetized with isoflurane, followed by intraperitoneal injection of 8 mg xylazine and 35 mg ketamine. Hearts were rapidly removed, transferred into isotonic NaCl solution containing heparin (1000 U), and connected to a canula in a Langendorff perfusion system. Hearts were perfused at 378C for 3 min with Ca 2+ -free Krebs Henseleit buffer (KHB) and 10 mM butanedione monoxime (BDM) gassed with carbogen. After that, perfusion was switched to recirculation with KHB containing 0.04% collagenase (Worthington Biochemical Corp, Lakewood, NJ, USA), 0.2% bovine serum albumin (BSA), 10 mM BDM, and 8.3 mM glucose for 30 min. The ventricles were minced and incubated in the digestion medium for another 10 min at 378C. After filtration through a nylon mesh (200mm pore size) and centrifugation, cells were resuspended in Ca 2+ -free medium. Ca 2+ concentration was increased stepwise to 500 mM to obtain Ca 2+ -tolerant cardiomyocytes. After final washes, cardiomyocytes were resuspended in M199 medium completed with 0.2% BSA, 5% foetal calf serum (FCS), 5 mM creatine, 5 mM taurine, 2 mM carnitine, 10 mM cytosine-D-arabinofuranoside, and antibiotics. Freshly prepared adult rat cardiomyocytes were washed twice with FCS-free culture medium and transferred into OPTIMEM 1 (Gibco BRL). Infections with AdCMV.hALC-1 and AdCMV.b-gal (MOI 50) were performed in the same medium for 120 min on a rocking platform and terminated by addition of FCS. After final washes cardiomyocytes were resuspended in M199 medium completed with 0.2% BSA, 5% FCS, 5 mM creatine, 5 mM taurine, 2 mM carnitine, 10 mM cytosine-D-arabinofuranoside, antibiotics, and cultivated for 48 h. Cardiomyocytes were homogenized with a motor-driven glass-teflon homogenizer in SDS-sample buffer (5% SDS, 50 mM Tris -HCl, pH 7.5, 75 mM urea, 10 mM dithiothreitol), denaturated for 3 min at 958C, and cleared by centrifugation. The supernatant containing the total SDS-extracted proteins was removed and the protein concentration was determined by a modified Lowry method using BSA as the standard. Expression levels of hALC-1 were analysed by western blot. Infection efficiency and intracellular localization of hALC-1 in Ad-infected adult rat cardiomyocytes after 48 h cultivation were investigated by immunofluorescence and confocal microscopy. Adult rat cardiomyocytes were fixed with methanol/acetone (50/50 v/v) at 2208C for 5 min and incubated with antibodies raised against hALC-1 (see above). Secondary antibodies were conjugated with DTAF (anti-rabbit) or Cy3 (anti-mouse). Fluorescence was detected using an Axioplan fluorescence microscope. Confocal images were acquired on a Zeiss LSM 510 Meta using a 100× phase contrast oil-immersion planneofluoar objective 100 × /NA1. 
Neonatal cardiomyocytes
Neonatal cardiomyocytes were prepared from 1 to 3 days old SpragueDawley rats and cultivated as described previously. 19 A total of 10 × 10 4 neonatal rat cardiomyocyts were seeded into each well of a 12-well plate. After 18 h incubation, the medium was replaced with 1 mL SM20-I (Biochrome, Germany). 19 One microgram of plasmid DNA (in 100 mL SM20-I) was mixed with 4 mL Lipofectamine (in 100 mL SM20-I) and incubated for 20 min at room temperature. The resultant complex mixture was added to the cells seeded in a 12-well plate. The mixture was replaced with fresh medium 6 h after transfection and after 18 h cells were washed twice with PBS. Cells were fixed with 3.7% paraformaldehyde for 10 min, washed with PBS, and permeabilized with 0.5% Triton-X-100 (in PBS) for 10 min, followed by another PBS wash step. Subsequently, 0.2% fish skin gelatin was added for 30 min to block non-specific-binding sites, followed by incubation at 48C over night with monoclonal antibodies anti-HIS (Qiagen) and anti-c myc (Invitrogen), respectively. After washing three times with PBS with 0.1% Nonidet NP40, the secondary antibodies, Alexa488 and Alexa568 (Invitrogen) in 0.2% fish-skin gelatin, were added for 1 h. Cells were washed three times with PBS/0.1% NP40 again and finally fixed with Moviol. Cells were observed using confocal laser microscopy (Axiovert 40 CFL).
Western blot analysis
SDS-solubilized proteins were separated by SDS -PAGE on a 12% resolving gel and transferred to nitrocellulose filtres according to standard procedures. The transfers were incubated overnight with different primary antibodies. Recombinant proteins were analysed by specific antibodies which recognize the HIS-tag (Quiagen, Germany) or the GST-tag (Invitrogen, Germany). hALC-1 expression in AdV-infected adult rat cardiomycytes was monitored using a peptide-directed, affinity-purified anti-hALC-1 antibody raised against the amino acid sequence 29-43 (PAPEAPKEPAFDPKS).
The secondary antibody was a peroxidase-conjugated anti-mouse (for HIS and GST tags; Biogenes, Germany) or anti-rabbit antibody (Biogenes, Berlin, Germany) (for hALC-1) for 1 h at room temperature. MYH were detected using the monoclonal antibody 2C9, which detects both a-and b-MYH (gift from D. Mornet, Montpellier). Immunoreactive proteins were visualized with the enhanced chemiluminescence's reaction Kit (ECL, Amersham) and X-ray films (X-Omat, Kodak, Rochester, NY, USA). Signals were scanned densitometrically using BIO -RAD GS-710 (calibrated imaging densitometry, San Diego, CA, USA). (Figure 2 , Table 2 ). The lower affinity of hVLC-1 to the myosin lever arm was mainly due to a significantly lower k on which was around three-fold slower (P , 0.001) compared with hALC-1/rb-MYH 664 -915 IQ ala4 ( Figure 1 , Table 1 ).
Circular dichroism spectra of recombinant A1 isoforms
CD-spectra were measured to study the secondary structures of recombinant A1 isoforms (Figure 1) . Human cardiac A1 isoforms revealed CD-spectra having negative bands at 222 and 208 nm and a positive band at 193 nm which is typical for mainly a-helical proteins. hALC-1 and hVLC-1 revealed similar degrees of a-helicity, which were estimated to amount to 57 and 55%, respectively. The high proportions of a-helical secondary structure are in accordance with the known EF-hand structure of MLCs 1 -4 ( Figure 1 ).
Intracompartmental sorting of exogenous A1 isoforms in rat neonatal cardiomyocytes
Cultured neonatal rat cardiomyocytes were co-transfected with equal amounts of hALC-1 and hVLC-1 cDNA with HIS-tag and myc-tag, respectively. Incorporation into sarcomeres was detected by using immunofluorescence microscopy with antibodies detecting the HIS or the myc tag. The intracompartmental sorting pattern of hALC-1 and hVLC-1 are clearly different. Figure 2 shows the localization of hALC-1-HIS in many sarcomeres, while hVLC-1-myc remained predominantly cytoplasmatic. A total amount of 252 cardiomyocytes were analysed. About 82.5% of the cardiomyocytes revealed sarcomeres with preferential hALC-1 incorporation, 14.4% revealed sarcomeres with hVLC-1 while 3.5% revealed both A1 isoforms in the sarcomeres. (values are means + SEM). We observed a very similar sorting pattern in double-transfected neonatal cardiomycytes upon changing the tag associated with the A1 light chains (i.e. hALC-1-myc, hVLC-1-HIS) (Figure 2) .
Neonatal cardiomyocytes single-transfected with hVLC-1-myc or hVLC-1-HIS cDNA incorporated hVLC-1 into their sarcomeres, demonstrating the capacity for normal sarcomere incorporation of hVLC-1 in the absence of hALC-1 (not shown).
In additional set of experiments, transfected neonatal cardiomyocytes were verified for the correct localization of hALC-1 in the Figure 2 Confocal images depicting the integration of the myosin light chain isoforms into neonatal rat cardyomyocytes 18 h after transfection with lipofectamine. (A) Sarcomeres were stained for the HIS-tag to detect hALC-1 (green) and for the myc-tag to demonstrate hVLC-1 (red). Please note the preferential incorporation of hALC-1 into sarcomeric structures (small arrows) while hVLC-1 revealed a diffuse cellular expression with weak sarcomeric integration, (B) Sarcomeres were stained for the myc-tag to detect hALC-1 (green) and for the HIS-tag to demonstrate hVLC-1 (red). Likewise, we observed preferential incorporation of hALC-1 into sarcomeric structures while hVLC-1 revealed a diffuse cellular expression with weak sarcomeric integration. (C) Immunofluorescence analysis of sarcomeres of a neonatal cardiomyocyte transfected with hALC-1-HIS cDNA and double-stained with a HIS-antibody (green, hALC-1), and a-actin (red) antibody for Z-Line detection. Please note the absence of hALC-1 staining in the H-zone, i.e. the middle of the sarcomeres.
Essential light chain isoform function myosin-containing A-Band. A good diagnostic tool is the demonstration of the absence of hALC-1 in the H-zone, since there are no myosin heads. In fact, sarcomeres of neonatal cardiomyocytes single-transfected with hALC-1-HIS cDNA and subsequently doublestained with HIS antibody and a-actinin antibody for Z-line detection revealed the absence of hALC-1 in the middle of the sarcomere, i.e. the H-zone (Figure 2 ).
Adenoviral infection of rat cardiomyocytes with hALC-1 increases contraction at given activating free Ca 21
To determine the expression level of hALC-1 in infected cardiomyocytes, we performed western blot analysis with 1 mg recombinant HIS-tagged hALC-1 as the standard and 10 mg SDS extract of adult rat cardiomyocytes (Figure 3) . AdCMV.hALC-1 infected cardiomyocytes expressed an average amount of 1.2 + 0.2 mg hALC-1 per 10 mg of SDS-extracted cardiomyocyte proteins. Assuming that myosin represents 45% of the whole SDS-soluble protein and that endogenous rat VLC-1 makes 10% of the whole myosin 20 (0.45 mg endogenous rat VLC-1 per 10 mg SDS extract), hALC-1 expression is in a 2.7-fold excess when compared with endogenous rat VLC-1. Rat cardiomyocytes were mock treated or infected with AdCMV.hALC-1 or AdCMV.b-gal (MOI 50 each) and cultured for 48 h. Diastolic lengths of the cardiomyocytes were comparable between all three groups (91.0 + 3.5 mm (n ¼ 31), 88.9 + 3.1 mm (n ¼ 40), and 88.8 + 2.9 mm (n ¼ 40) after mock, AdCMV.hALC-1, or AdCMV.b-gal infection, respectively).
Compared with b-gal infected adult cardiomyocytes, hALC-1 overexpression increased shortening amplitude significantly (P , 0.05) by 33% ( Table 2) . Likewise, maximal rates of shortening and relaxation accelerated significantly (P , 0.05) by 23 and 25%, respectively ( Table 2) .
In contrast to the shortening parameters, the Fura-2 signals which reflect the fluctuations of myoplasmic-free Ca 2+ during systole and diastole, remained unchanged ( Table 2 ).
Discussion
In this study, we investigated structural and functional features of human cardiac A1 isoforms. The higher affinity of hALC-1 compared with the hVLV-1 predicts distinct integration properties into the sarcomeres of cardiomyocytes. We tested this hypothesis by co-expression of hALC-1 and hVLC-1 in neonatal cardiomyocytes. We could indeed show herein that the hALC-1 preferentially integrated into the sarcomeres of neonatal cardiomyocytes. This is in line with recent works reporting on distinct sarcomeric sorting specificities of different MLC isoforms, which increased in the order MLC3 nm, MLC1sa, MLC1sb, MLC1f, and MLC3f. 21 In particular, the second EF-hand domain seems to be responsible for the isoform-specific sorting of ELC. 22 We could exclude any influence of the two different tags on sarcomeric sorting properties by exchanging the tags for the A1 isoforms.
ELC isoforms regulate both force and contraction velocity of muscle. During human cardiac hypertrophy VLC-1 is partially replaced by ALC-1, a process which seems to be facilitated by the intense lever arm affinity of ALC-1. Partial VLC-1/ALC-1 replacement showed significant functional effects. Thus, maximal shortening velocity (V max ) and force per cross-sectional area of human ventricle increased.
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In accordance, transgenic overexpression of ALC-1 in the hearts of murine 14 and rats 12 increases force generation and contraction velocity. The molecular mechanism of ALC-1 inotropy is not fully understood. V max is determined by g app , 23, 24 which equals the ADP release rate from the nucleotide binding site of the motor domain. 25, 26 Accordingly, an increased g app upon ALC-1 expression would predict a reduced rather than enhanced force generation. Hence, additional mechanisms must exist which independently of cross-bridge cycling kinetics may regulate cross-bridge force generation by ELC isoforms. Force generation per myosin molecule depends on the elastic properties of the lever arm, i.e. its resistance to bending forces. Increasing rigidity of the lever arm, therefore, would power up force generation, 27 assuming the distance the lever arm moves (10 nm) remains unchanged. It seems reasonable to assume, that association of the lever arm with the MLC increases lever arm rigidity and at the same time force generation per cross-bridge. Note, that a 10 nm poly-alanine a-helix (mimicking the lever arm) revealed a lateral stiffness of 1.2 pN/nm 28 while stiffness of a cross-bridge with associated MLC comes close to 3.1 pN/nm, 27, 28 suggesting that association of MLC with the lever arm could substantially increase rigidity of an a-helix. In this concept, the strong binding of hALC-1 to myosin could increase the spring constant of the lever arm and therefore force generation of the individual myosin cross-bridge above the value obtained upon hVLC-1 or rVLC-1 binding. Thus, two separated a-helices with associated MLC represent an interesting alternative to a coiled-coil lever arm, since they are stiff enough for efficient force transmission while omitting steric hindrance of the two head domains of native myosin molecule. An increased force generation per single cross-bridge upon enhanced lever arm rigidity in the presence of hALC-1 suggests improved muscle contraction without additional activating free Ca 2+ . We tested this hypothesis by the analysis of the contractile properties of adult rat cardiomyocytes infected with an Ad vector with hALC-1 as expression cassette. We found that overexpression of hALC-1 in primary adult rat cardiomyocytes powered by the Ad vector increased significantly contraction amplitude while the systolic-free Ca 2+ levels and Ca 2+ cycling kinetics remained unchanged. This provides direct evidence, that in the intact cardiomyocyte, myosin molecules with hALC-1 generate more force than myosin with rVLC-1. Increased force generation per single cross-bridge upon enhanced lever arm rigidity via ELC interaction has an energetical aspect, since both high-force-and low-force-generating myosin molecules would consume comparable amounts of ATP. Thus, it is plausible that through its high lever arm affinity ALC-1 could cause increased tension generation without a concomitant increase in ATP consumption. In fact, ATP consumption during steady-state isometric contraction of muscle equals:[f g/(f + g)], 24 i.e. is independent of F ′ . Interestingly, the ratios between beating frequencies and oxygen consumptions were not different between neonatal cardiomyocytes that overexpressed hALC-1 or b-gal upon infection with Ad vectors. 18 In summary, we showed that hALC-1 forms a significantly stronger complex with the myosin lever arm than does hVLC-1 (or rVLC-1 16 ). This may explain the observed preferential sarcomeric sorting of hALC-1 in mammalian cardiomyocytes. ALC-1 inotropy is elicited without concomitant increase in activating Ca 2+ which may be caused by increasing tension output per cross-bridge with hALC-1 bound to IQ1.
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